Abstract Pd-impregnated Ce-based catalysts were tested for carbon monoxide (CO) and hydrocarbon (HC) oxidation under challenging low-temperature diesel combustion conditions. The results indicate that the light-off temperatures for CO over Pd/CeO 2 , Pd/MnO x -CeO 2 (Pd/MC), and Pd/SnO 2 -MnO x -CeO 2 (Pd/SMC) catalysts shift to higher temperatures in the presence of simulated diesel exhaust gas. The lowest T 50 for CO is observed over Pd/MC at 173°C, whereas Pd/CeO 2 is shown to oxidize most of the HCs at temperatures below 400°C. In all catalysts, the oxidation of HCs starts right after the onset of CO oxidation, revealing that the competitive adsorption of CO, NO, and alkenes controls the catalytic activity. Further evaluation of the catalytic activity in the presence of only CO and C 3 H 6 reveals the immediate inhibiting effect of C 3 H 6 at catalyst temperatures below 150°C. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments performed over Pd/CeO 2 , Pd/MC, and Pd/SMC show that C 3 H 6 inhibits the formation of carbonyl species on Pd n+ sites, which limits the catalytic activity for CO. Such inhibition is observed on all supports, implying that the activity is independent of oxygen storage capacity (OSC) or lattice oxygen reducibility of the supports in the presence of C 3 H 6 .
Introduction
Diesel oxidation catalysts (DOCs) have been widely applied for the remediation of toxic pollutants, i.e., carbon monoxide (CO), hydrocarbons (HCs), and NO x , from diesel-powered vehicles [1, 2] . The DOCs typically consist of platinum group metals (PGMs) (Pt, Pd, Rh) as an active phase that are placed on high surface area supports and oxygen storage materials [3] [4] [5] . Among them, Pd catalysts drew much attention due to the low cost, fast light-off performance, high oxidation capability, and sintering resistance if compared to Pt and Rh catalysts [6] [7] [8] [9] [10] . Despite the high performance of Pd catalysts, Pd has poor CO oxidation activity at low exhaust temperatures and deactivates by the presence of sulfur compounds in the exhaust gas [11, 12] . For instance, Pd-based DOCs can emit up to 80% of CO at temperatures below 200°C during the cold start stage of a vehicle [6, 13, 14] . For diesel and efficient lean-burn internal combustion engines, the average exhaust temperature is low, which ultimately affects the CO oxidation performance of the catalyst [3, 15, 16] . The low CO oxidation activity of DOCs at low exhaust temperatures is typically explained with the blocking of active sites by HCs [16, 17] . Thus, novel catalysts that can maintain a high oxidation performance at low exhaust temperatures while resisting inhibition by HCs are desired.
CeO 2 is a widely used component in DOCs due to the Ce 3+ /Ce 4+ redox cycle. CeO 2 can store and release oxygen, depending on the exhaust gas composition, known as oxygen storage capacity (OSC), and improves oxidation of CO and HCs during lean and rich cycles [18] . Ceria-promoted Pd catalysts exhibit high catalytic activity for CO oxidation at low temperatures (100-200°C) due to the OSC and strong metalsupport interaction (SMSI) [19] [20] [21] . In addition, CeO 2 promotes noble metal dispersion [22] and increases the activity for water-gas shift and steam reforming reactions [23, 24] . Despite the high performance of CeO 2 , it has low thermal stability and tends to deactivate at temperatures above 800°C [26] . The incorporation of a secondary metal into the ceria lattice can improve the OSC and prevent its sintering [11, [25] [26] [27] . In our recent work, we have shown that the incorporation of Mn and Sn into the CeO 2 lattice improves the OSC and lattice oxygen reducibility of CeO 2 , in which Pd/MnO xCeO x (Pd/MC) catalyst showed high activity for CO oxidation at ambient temperature [11] . With the addition of Sn into the MnO x -CeO 2 support, the Pd/SnO 2 -MnO x -CeO x (Pd/SMC) catalyst indicated a better SO 2 tolerance, while still maintaining high CO oxidation activity at ambient temperature [11] .
In this work, we evaluated the activity of Pd/CeO 2 , Pd/MC, and Pd/SMC catalysts for CO and HC oxidation under simulated diesel exhaust gas conditions. Catalyst performance tests were conducted following the low-temperature diesel combustion (LTC-D) protocol [28] . The interaction of CO and C 3 H 6 with the surface active sites was investigated using in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). The evaluation and characterization results were combined to explain HC deactivation over Pd-Cebased catalysts.
Experimental

Catalyst Preparation
The Pd/CeO 2 , Pd/MC, and Pd/SMC catalysts were synthesized following a methodology published in reference [11] . The SMC supports were prepared by an ultrasonically assisted co-precipitation method, where SnCl 2 , Mn(NO 3 ) 2 , and Ce(NO 3 ) 3 , with a mole ratio of 1:4:5, were used as the catalyst precursors and (NH 4 ) 2 
) as a precipitator. The paste obtained from co-precipitation was treated by ultrasound for 2 h, followed by subsequent filtration, washing with deionized water, drying in air overnight at 105°C, and calcination in air at 500°C for 6 h. The Pd/SMC with 1 wt% Pd loading was synthesized by impregnation. The SMC support was immersed into the aqueous Pd(NO 3 ) 2 solution and dried at room temperature while stirring. Subsequently, the solid was calcined at 550°C for 3 h in air. Similarly, Pd/CeO 2 and Pd/MC (Mn/Ce ratio = 1:1) were synthesized by the same coprecipitation and Pd impregnation methods. The actual Pd loading over the Pd/SMC, Pd/MC, and Pd/CeO 2 catalysts was measured using atomic absorption spectroscopy and was found to be 1.0 ± 0.05, 1.1 ± 0.05, and 1.0 ± 0.05 wt%, respectively.
Activity Tests Under Simulated Diesel Exhaust
The LTC-D evaluation protocol was used as specified in the "Aftertreatment Protocols for Catalyst Characterization and Performance Evaluation: Low-Temperature Oxidation Catalyst Test Protocol" published by the Advanced Combustion and Emission Control (ACEC) Technical Team: Low-Temperature After treatment Group. Unless otherwise specified, catalyst amounts and gas flow rates were normalized to give a space velocity of 200 L g
. Typically, this amounted to 100 mg of the sample and a flow rate of ∼333 sccm. Before activity was measured, catalysts were degreened once at 700°C for 4 h and then pretreated before Water was introduced into the system by bubbling Ar gas through water heated at 50°C and delivered via heated gas lines maintained at 150°C. Oxidation activities were measured using a gas chromatography (Agilent 490 Micro GC). The conversion was calculated using the following expression: (C max − X / C max ) × 100 where X is the ppm obtained from GC integration of the given reactant peak and C max is the calibration ppm obtained from the GC during bypass measurement.
In addition to the LTC-D evaluation, CO and C 3 H 6 oxidation was conducted in a plug flow rector under atmospheric pressure and CO conversion was measured by a differentially pumped mass spectrometer (MS, Hiden HAL IV RC). A gas mixture of 2.0% CO (99.999% CO, Airgas), 1000 ppm C 3 H 6 (1% C 3 H 6 in He, Praxair), 5% O 2 (99.9999% O 2 , Airgas), and balance Ar (99.9999% Ar, Airgas) was fed to the reactor via mass flow controllers (Brooks 5850E). Two hundred milligrams of the catalyst supported with quartz wool was placed in the reactor for each run, and no pretreatment was performed before the reaction. The gas hourly space velocity (GHSV) for all experiments was 40,000 h . Less than ±5% conversion error is calculated by reparative tests.
Catalyst Characterization
Powder X-ray diffraction (XRD) data for fresh samples were collected on a Rigaku Miniflex II desktop diffractometer using a Cu Kα source with a D/teX Ultra 250 silicon strip detector. XRD data for degreening comparisons were taken on a PANalytical Empyrean XRD operated at 40 kVand 40 mA using a Cu Kα source. X-ray photoelectron spectroscopy (XPS) experiments were carried out on a Kratos Axis Ultra DLD XPS system equipped with a hemispherical energy analyzer. A monochromatic Al Kα X-ray source (1486.6 eV) was operated at 15 kV and 120 W. Adventitious carbon at 284.8 eV (C1s) was used as a reference of binding energy. The high-resolution elemental mapping and imaging of particles were collected using a FEI Talos , respectively. The pore sizes of CeO 2 and MC are also calculated and found to be 10 and 12.4 nm, respectively. The measured pore sizes matched well with the literature (9 nm) reported for the ceria-based materials [29] .
DRIFTS experiments were performed using a Bruker Equinox 55 spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector. Oxidation reactions at 100°C over these catalysts were studied with an accumulation of 64 scans at a resolution of 2 cm
. The catalysts were pretreated at 400°C in the DRIFTS cell for 30 min in 10% O 2 /Ar. Subsequently, the system was cooled down to 100°C and a background was recorded. CO and C 3 H 6 oxidation studies over the catalysts were carried out in the following sequence: (1) CO+O 2 for 30 min, (2) C 3 H 6 +CO+O 2 for at least 10 min, and (3) CO+O 2 for 10 min. Inlet gas concentrations are 0.6% CO, 10% O 2 , and 0.1% C 3 H 6 (when used) with Ar balance.
Results and Discussion
Catalyst Structure
The XRD profiles of the Pd-impregnated ceria-based catalysts are shown in Fig. 1 . The diffraction peaks observed over Pd/CeO 2 and Pd/MCcan be attributed to the (111),(200),(220),and (311) lattice planes of the cubic fluorite structure of CeO 2 , indicating that Mn and Ce formed a solid solution without appreciable phase separation [11] . The diffraction peaks corresponding to Pd metal (40.2°) or PdO (34°and 42°) are not observed in any catalysts, which can be attributed to the small Pd loading or formation of highly dispersed Pd species [11, 21, 30] . In the case of Pd/SMC, two additional diffraction peaks at 38°and 52°can be assigned to SnO 2 [31] , indicating that SnO 2 segregates from the SMC solid solution. The crystallite size of CeO 2 , MC, and SMC was calculated using the Scherrer equation using the (111) diffraction peak of CeO 2 and reported as 9.6, 3.17, and 3.29 nm, respectively [32] . The addition of Mn decreased the crystallite size of CeO 2 , because a dopant can disturb the normal growth of the CeO 2 crystallites [32] .
During the LTC-D evaluation protocol, the catalysts were degreened at 700°C for 4 h, which is higher than the calcination temperature (550°C) of the solid solution catalysts. Possible phase separation of the degreened Pd/CeO 2 and Pd/ MC samples was investigated via XRD. As shown in Fig. 1 , the diffraction profiles of the fresh and degreened samples are similar to each other and no additional diffraction peaks for Pd, PdO, and MnO x were observed after degreening. The morphology and elemental distribution of Ce, Mn, and Pd for the 1 wt% Pd/MC catalyst before and after degreening are shown in Fig. 2 . The fresh sample comprises nanoparticles with spherical or elliptical shapes and sizes in the range of 20 and 40 nm. The energy-dispersive X-ray spectroscopy (EDX) analysis of the fresh Pd/MC sample indicates that both Mn and Ce are uniformly distributed within the sample structure, confirming the formation of a Mn-Ce solid solution. Pd mapping clearly shows that the majority of the Pd is highly dispersed on the MC support. One small area of aggregated Pd can be seen at the center of the mapping. After degreening at 700°C, the sample shows a similar morphology of nanoparticles as the fresh sample. However, Mn and Ce are not uniformly distributed and some areas of Mn separate from the surrounding Ce. Additionally, Pd is not dispersed in the fresh sample and more areas of Pd aggregates can be observed. The STEM-EDX analysis confirms that both Mn segregation from the Mn-Ce solid solution and Pd aggregation occur after degreening. The lack of MnO x and PdO diffraction peaks for the degreened sample in the XRD might be due the low concentration of Pd and the low concentration of separated MnO x crystals. A higher magnification STEM image of the fresh Pd/ MC sample is also shown in Fig. S1 .
XPS was conducted to characterize the oxidation state of surface Pd species. As shown in Fig. 3 binding energy of Pd/CeO 2 can be deconvoluted into two peaks at 337.7 ± 0.2 and 336.5 ± 0.2 eV with a full width at half maximum (FWHM) of 1.46 and 1.16 eV, respectively. The lower binding energy peak at 336.5 eV can be attributed to the crystalline PdO phase, while the higher binding energy peak at 337.7 eV corresponds to the formation of highly dispersed Pd 2+ species [10, 16] . The crystalline PdO phase accounts for approximately 25% of the total Pd amount detected by XPS. In the case of Pd/MC and Pd/SMC, only one peak at 337.7 eV with a FWHM of 1.46 eV is present, while the lower binding energy peak at 336.5 eV, corresponding to the crystalline PdO phase, is not observed. The formation of high binding energy peak of Pd 2+ might be due to the SMSI and can be attributed to the formation of small PdO clusters or palladium-ceria interaction phase, Ce 1 − x Pd x O 2 − δ [11, 21, 33] .
Activity of Pd Catalysts Under Diesel Exhaust Condition
The performance of the Pd-supported catalysts was evaluated under the LTC-D protocol, and conversions for CO and HCs are shown as a function of temperature in Fig. 4 . For comparison, the light-off temperatures for CO and HCs at 50% conversion (T 50 ) and 90% conversion (T 90 ) are depicted in Fig. 5 . Among the Pd-supported catalysts, Pd/MC shows the lowest T 50 of 173 ± 4°C for CO oxidation. Both Pd/CeO 2 and Pd/ SMC indicate a similar T 50 for CO oxidation at 187 ± 4 and 191 ± 4°C, respectively. The CO light-off curves for Pd/MC and Pd/SMC show a sigmoid shape with higher conversions than Pd/CeO 2 at temperatures below T 50 and spread over a wider temperature range to reach T 90 . The total hydrocarbon (THC) conversion includes the conversion of the sum of C 2 H 4 , C 3 H 6 , and C 3 H 8 on a C 1 basis. Unlike the T 50 of CO, Pd/CeO 2 has the lowest T 50 (267 ± 7°C) for THC, which is 20 and 70°C lower than the T 50 of Pd/MC and Pd/SMC, respectively. The shape of the light-off curves for all three hydrocarbons over Pd/MC and Pd/SMC looks similar to that of CO. Oxidation of C 2 H 4 and C 3 H 8 starts at lower temperatures over Pd/MC and Pd/SMC than Pd/CeO 2 yet increases slower with increasing temperature, leading to a higher T 50 and T 90 . For C 3 H 6 oxidation, the conversion starts at similar temperatures for all three Pd catalysts, and both Pd/MC and Pd/CeO 2 demonstrate a T 50 of 214°C, which is lower than that of Pd/SMC of 246°C. However, the slope of the C 3 H 6 light-off curve for Pd/CeO 2 above T 50 is higher than that of the other two catalysts, leading to the lowest T 90 of 236°C.
The presence of CO, NO, and HCs can inhibit their oxidation at low temperatures [34, 35] . Initially, CO can strongly adsorb onto active sites at low temperatures in the presence of NO and HCs, covering the majority of the catalyst surface. In this case, oxygen access to the catalytic sites is limited, resulting in a low CO oxidation rate [34] . Generally, the presence of HCs can limit CO oxidation, as both CO and HCs compete for the same Pd active sites. Light alkenes (i.e., C 2 H 4 , C 3 H 6 ) can strongly adsorb onto active Pd sites, due to their double bonds [36] . When the temperature allows CO oxidation to start, CO 2 forms and desorbs from the surface, opening up active sites for CO and alkenes to be competitively adsorbed [34] . This competition limits CO access to the active sites and thus its subsequent oxidation. At certain temperatures, alkenes also start to react with oxygen and their oxidation products desorb from the active sites [34, 35] . In addition to the alkenes, NO can dissociatively adsorb on the active sites, competing with the adsorption of CO and HCs and inhibiting their oxidation [35, 37] .
It was recently reported that the crystalline PdO phase has higher activity for hydrocarbon oxidation than highly dispersed Pd 2+ species due to easier decomposition of intermediates formed during hydrocarbon oxidation [38] . However, highly dispersed Pd 2+ could be more active for CO oxidation. Both MC and SMC supports demonstrate higher activity at temperatures below 170°C in comparison to Pd/CeO 2 due to the more highly dispersed Pd 2+ species and better lattice oxygen reducibility [39] . At reaction temperatures above 170°C, it is possible that competitive adsorption of CO and HCs becomes the limiting factor for CO conversion [34] . Additionally, C 3 H 6 oxidation activity of Pd/MC becomes lower than Pd/CeO 2 , due to the lower amount of crystalline PdO phase. The active sites on Pd/MC are inhibited by C 3 H 6 on Pd/ MC and cannot be freed immediately for CO adsorption and its subsequent oxidation. This phenomenon can also affect the slope of the light-off curve on Pd/MC and Pd/SMC, leading to a more spread curve if compared with Pd/CeO 2 .
Effect of C 3 H 6 to CO Oxidation
In order to get further insight into the hydrocarbon inhibition, propylene was chosen as a probe molecule to evaluate the change in the light-off curve of CO and surface active sites. CO oxidation was carried out over Pd/CeO 2 and Pd/MC with and without the presence of C 3 H 6 , and the resulting light-off curves are shown in Fig. 6 . Pd/CeO 2 shows almost 100% CO conversion at 100°C under CO+O 2 but drops below 40% CO conversion at 50°C, while Pd/MC still achieves almost 100% CO conversion at 50°C [11] . Upon introduction of 1000 ppm Counts (a.u.)
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Pd/SMC Fig. 3 Pd 3d core-level XPS spectra of fresh Pd catalysts C 3 H 6 , the CO oxidation activity for both catalysts drops significantly and both Pd/CeO 2 and Pd/MC show CO conversions below 10% at 50°C. As the catalyst temperature increases to 150°C, both catalysts can achieve over 95% conversion for CO and C 3 H 6 . The oxidation of C 3 H 6 and CO shows similar light-off curves, indicating that both molecules are attracted by the same active sites. The similar activity profiles observed over Pd/CeO 2 and Pd/MC indicate that modification of OSC supports has a little effect on CO oxidation in the presence of C 3 H 6 [3] . In comparison to the light-off curves shown in Fig. 4 , both CO and C 3 H 6 oxidize at lower temperatures, suggesting that competitive adsorption of C 2 H 4 and NO has an influence on the oxidation profiles [35] . In addition, segregation of Mn-Ce solid solution or sintering of Pd can also contribute to the lower activity at low temperature after degreening [22, [25] [26] [27] . In order to understand the effect of degreening on catalyst activity, the Pd/MC sample was degreened following the same protocol described for the LTC-D experiments. After degreening, both CO oxidation and CO+C 3 H 6 oxidation were conducted. As shown in Fig. S2 , the CO conversion of the degreened Pd/MC is similar to the one in the fresh sample within the ±5% error. In the case of CO+C 3 H 6 oxidation, the CO light-off profile of the degreened Pd/MC is similar to that of the fresh sample at temperatures between 100 and 150°C. However, a slight decrease in the CO conversion is observed at temperatures between 150 and 400°C. This decrease is also within the error range. This suggests that the level of Mn separation and Pd sintering is not severe enough to deactivate the catalyst. Furthermore, the Pd 3d core-level spectra of the degreened Pd/MC were characterized via XPS. As shown in Fig. S3 , the binding energy of the Pd species does not change after degreening, indicating that Pd speciation is similar on both fresh and degreened samples. To determine the adsorption sites of CO and their evaluation in the presence of C 3 H 6 , in situ DRIFTS was conducted over the Pd/CeO 2 , Pd/MC, and Pd/SMC samples, as shown in For Pd/ CeO 2 , the appearance of CO adsorbed on Pd bridge sites might be due to the formation of larger metallic Pd particles with bridge sites or the lower re-oxidation ability of the CeO 2 support [12, 42] . The lack of any adsorbed CO on Pd 0 sites over Pd/MC during CO oxidation can be attributed to superior oxygen storage and mobility of the MC support [11, 39] .
Upon introduction of C 3 H 6 , the Pd n+ -CO band disappears due to the competitive adsorption of C 3 H 6 or reduction of Pd n+ to Pd 0 by C 3 H 6 and its subsequent adsorption [16, 43] . Meanwhile, the gaseous CO 2 band intensity decreases and the C-H band in between 3000 and 2800 cm −1 grows. CO oxidation is inhibited by C 3 H 6 , caused by the competitive adsorption and blocking of the precious metal (Pd, Pt, etc.) active sites by C 3 H 6 [35] . Because the oxidation of hydrocarbons occurs at higher temperatures than CO, the sites with adsorbed C 3 H 6 block CO adsorption and oxidation until the C 3 H 6 is itself oxidized [16] . Pd/SMC
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Fig . 7 Baseline-corrected in situ DRIFT spectra of oxidation reactions over Pd catalysts gaseous CO 2 band returns, also with a lower intensity compared to the spectra taken at initial CO+O 2 . These results indicate that the activity for CO oxidation is not fully recovered over Pd/CeO 2 and Pd/SMC upon C 3 H 6 removal, which is probably due to residual hydrocarbon species adsorbed on Pd n+ sites. In the case of Pd/MC, the Pd n+ -CO band does not re-appear after C 3 H 6 removal. The differences observed in recovery of Pd actives sites on MC at 100°C might be attributed to the different Pd formations and their interaction with the support.
Conclusions
Here, we evaluated the performance of the Pd-impregnated Ce-based catalysts for CO and HC oxidation under the LTC-D protocol. Both Pd/MC and Pd/SMC showed excellent CO oxidation activity at ambient temperature. Upon introduction of C 3 H 6 , the CO light-off curve shifts to higher temperatures, indicating a competitive adsorption between CO and C 3 H 6 . Simultaneous oxidation of CO and C 3 H 6 shows a similar light-off profile on both Pd/CeO 2 and Pd/MC, indicating that the OSC and lattice oxygen reducibility do not affect CO conversion in the presence of C 3 H 6 .
In the case of the simulated diesel exhaust gas, all catalysts show a CO oxidation T 50 below 200°C. Pd/MC achieves the lowest T 50 for CO at 173°C, whereas Pd/CeO 2 shows the lowest T 50 for THC at 267°C. The competitive adsorption of CO, NO, and alkenes affects the light-off curves of CO at both low and high temperatures. Degreening samples at 700°C can cause segregation of Mn from the solid solution and sintering of Pd nanoparticles. In situ DRIFTS studies reveal that C 3 H 6 could immediately inhibit CO adsorption and thereby its oxidation at 100°C. Upon introduction of C 3 H 6 , CO adsorbed on Pd n+ sites disappears over all catalysts and can be partially recovered over Pd/CeO 2 and Pd/SMC after C 3 H 6 is removed from the gas phase. However, Pd n+ sites over Pd/MC are completely blocked by C 3 H 6 and are not recovered for CO oxidation.
